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ABSTRACT 

The development of the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) has 
been completed at the Jet Propulsion Laboratory, California Institute of Technology. This 
paper outlines the functional requirements for the spectrometer optics subsystem, and 
describes the spectrometer optical design. The optical subsystem performance is shown in 
terms of spectral modulation transfer functions, radial energy distributions and system 
transmission at selected wavelengths for the four spectrometers. An outline of the 
spectrometer alignment is included. 

1. INTRODUCTION 

2 .  SPECTROMETER OPTICAL DESIGN 

An all-reflective decentered aperture Schmidt design was selected for the AVIRIS 
spectrometers. The optical schematics of the AVIRIS spectrometers are shown in Fig. 4. 
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The radiant energy emerging from the fiber optic is collimated by a spherical mirror, 
which is used in double pass in this particular configuration. The reflective diffraction 
grating is located on the decentered aperture Schmidt corrector at the center of curvature 
of the collimating mirror. The grating mask forms the aperture stop of the spectrometer. 
All four AVIRIS spectrometers have the same basic optical layout and only the grating tilt 
changes significantly from Spectrometers "A" to "D", as required by the spectral range 
covered by each of the spectrometers. In this configuration, the Schmidt corrector plate 
is tilted with respect to the optical axis. The optimum surface figure for this particular 
configuration is an anamorphic aspheric surface. At the time of the AVIRIS implementation, 
the fabrication of such a surface was too risky and prohibitively expensive, so rotation- 
ally symmetric aspheric surfaces were selected for the AVIRIS spectrometer designs. This 
compromise resulted in a slight degradation of the overall optical performance but still 
stayed within the system specifications. 

The AVIRIS spectrometer optical parameters are listed in Table 2. Shown in this 
table are the aspheric coefficients of the grating. The grating surface is given by the 
equation, 

z =  ch" 2 2 1/2 + Ah4 + Bh6 + Ch' + Dh" 
1 + [l - (1+K) c h ] 
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Fig. 4. AVIRIS "A" Spectrometer 

In the table, a is the angle of incidence and R is the angle of diffraction at the blaze 
wavelength. The blazed diffraction gratings were ruled on single-point diamond-turned 
aluminum substrates. The only refractive components in the spectrometers are the fused 
silica field flatteners and the blocking filters. The blocking filter specifications are 
summarized in Table 3 ,  showing the required filter profiles. 
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SPECTROMETER COLLIK. GRATING ASPHERIC COEFFICIENTS CNIc  GROOVE 
CONSTANT SPACING 

A B C 0 [ rm] 

AVIF80A20 AB =550 379.50 2447.38 -3.0196E-9 -4.8493E-14 3.9799E-19 -1.7251E-23 -7.5968 8.5 

DESIGNATION A R2 Rr 
[ nm] [mnl [mn] 

400 

750 

650 
AVIF80820 a B  =950 374.41 3235.2 -3.3553E-9 -6.7655E-14 9.2947E-19 -2.8731E-23 -48.8671 7.80 

1250 

l2Oo 370.51 3028.47 -3.3932E-9 -6.8325E-14 8.5751E-19 -2.5580E-23 -34.1756 8.05 
AVIF80C20 Ai1510 

1820 

1780 

2400 
AVIF75020 a i2090 359.75 2872.74 -3.4448E-9 -8.8769E-14 1.448E-18 -3.2394E-23 -52.0452 7.775 I 

Table 3. AVIRIS Blocking Filter Specifications 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S H O R T  WA V E S T 0 P B A N  n P A S S B A N D  1 LONGWAVE STOPBANO _ _ _ _ _ _ _ _ _ _ _ _ _  _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ - - _  

a E 

c b g j  ioegl 

7.07 3.35 

8.83 1.84 

10.70 0.16 

14.08 3.98 

I FILTER NO. 
I 

t 

8. 

O p e r a t i n g  Temp : T = 1 7 ' K  

Adhes ion  o f  c o a t i n g s  p e r  MIL-M-1308 

H u m i d i t y  p e r  MIL-C-675A 

A h r a s i o n  p e r  MIL-C-675A 

No p i n h o l e s  w i t h i n  t h e  c l e a r  a p e r t u r e  

I n  band t r a n s m i t t a n c e  s h a l l  be 

g r e a t e r  t h a n  0.8 f o r  a l l  f i l t e r s .  

T r a n s m i s s i o n  c u r v e s  s h a l l  be  s u p p l i e d  f o r  

a l l  f i l t e r s .  

JPL Cog Engineer sha l l  witness acceptance t e s t .  

The overall optical system transmittance is given in Tables 4 and 5. Most of the 
mirrors in the system for iisible wavelengths have protected silver coatings. 
diffraction efficiency measurements were made on plane sample gratings ruled with the same 
characteristics as the aspheric gratings. 

The optical system theoretical performance has been analyzed in terms of spot 
diagrams (Fig. 5 ) ,  with radial energy distributions shown in Figs. 6 and 7. Geometrical 
modulation transfer functions (MTF) and through focus MTF curves at the Nyquist frequency 
are given in Figs. 8 ,  9 ,  10, and 11. The system performance, including the detector MTFs, 
is given in Fig. 12, which shows that the MTF is greater than the 0.5 design goal at the 
2.0 c/mm spatial frequency. Defining the effective spectral resolution for a sinusoidal 
distribution of radiance as the spectral half wavelength for which the modulation of the 
distribution of radiance has been reduced by one-half due to the MTF of the system, from 
Fig. 12, the resulting effective spectral resolution is approximately 10 nrn. 

The relative 
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Table 4 .  Transmittance of AVIRIS Optical System 

0 . 4  

0.91 

0.86) ’  

0 . 8 2 ) ~  

0.88 

0.81 

0.43 

0.91 

0.84 

NIA 

0.04 

- 
1 

2 

3 

4 

5 

6 

7 

8 

9 - 

- 

0 . 5  

0.94 

(0 .88 )2  

( 0 . 9 8 ) ~  

0.88 

0.94 

0.60 

0.91 

0.90 

NIA 

0.26 

Hatch window (silica) 

2 Reflections AI (Si0 coated) 

7 Reflections Ag 

Fiber Reflection Loss 

NSG Fiber Transmittance 

Relative Diffraction Efficiency 

Window/Field Lens (silica) 

Bandpass Filter 

KDP Blocking Filter 

0 . 7  

0.96 

(0.87) ’  

(0 .98 )7  

0.88 

0.90 

0.61 

0.91 

0.72 

0.93 

Total Transmittance 

0 . 9  1 . 1  

0.94 0.92 

(0.90) ’  (0 .95) ’  

( 0 . 9 8 ) 7  (0 .9817 

0.88 0.88 

0.96 0.98 

0.76 0.58 

0.91 0.91 

0.59 0.69 

0.93 0.93 

SPECTROMETER A 

1 . 8 5  2 . 0  

0.91 0.90 

(0 .97 )4  (0 .97 )4  

(0 .98 )5  (0 .98 )5  

0.89 0.89 

0.94 0.95 

0.63 0.67 

0.91 0.91 

0.73 0.78 

0.26 0.29 

2 . 2  2 . 4  2 . 4 5  

0.90 0.89 0.88 

(0 .97 )4  (0.97)4 (0 .97 )4  

( 0 . 9 8 ) 5  ( 0 . 9 ~ 3 ) ~  ( 0 . 9 8 ) 5  

0.89 0.89 0.89 

0.95 0.96 0.96 

0.66 0.64 0.63 

0.91 0.91 0.91 

0.63 0.57 0.04 

0.23 0.20 0.01 

- 
0 . 6  

0.96 

- 

Hatch window (silica) 
4 Reflections AI (Si0 coated) 

5 Reflections Ag 

Fiber Reflection Loss 

Verre Fluore Fiber 
Transmitlance 

Relative Diffraction Efficiency 

WindowlField Lens (silica) 

Bandpass Filler 

) .88) ’  

) .98)7 

0.88 

0.98 

0.62 

0.91 

0.91 

NIA 

- 
0.29 

0 . 7  - 
1.96 

0.87)’ 

0.98)’ 

0.88 

0.98 

0.59 

0.91 

0.91 

NIA 

- 
0.27 

I Spectrometers A and B 

SPECTROMETER B 

1 . 2 5  - 
0.92 

(0.96) ’  

(0 .98 ) ’  

0 .88  

0.98 

0.47 

0.91 

0.75 

0.93 

0.19 

Note: The vignetting due to the light lost off the detector arrays (-30%) has not been included above. 

Table 5. Transmittance of AVIRIS Optical System - Spectrometers C and D 

- 
1 

2 

3 

4 

5 

6 

7 

8 

Total Transmittance 

SPECTROMETER C - 
1 . 2 5  

0.92 

(0.96)4 

(0 .98 )5  

0.89 

0.94 

0.65 

0.91 

- 

0.64 

- 
0.22 

- 

- 
1 . 4  

0.92 

(0 .96 )4  

( 0 . 9 ~ % ) ~  

0.89 

0.92 

0.67 

0.91 

- 

0.75 

- 
0.26 

- 

- 
1 . 6  

0.91 

0.97)4 

D.98)5 

0.89 

0.92 

0.65 

0.91 

- 

0.68 

- 
0.24 

- 

- 
1 . 8 5  

0.91 

- 
3.97)4 

3.98)5 

0.89 

0.94 

0.55 

0.91 

0.72 

- 
0.22 

- 
Note: The vignetting due to the light lost off the detector arrays (-30%) has not been included above. 

3. SPECTROMETER IMPLEMENTATION AND ALIGNMENT 

The implementation of the spectrometer designs was challenging due to their high 
numerical aperture (N.A. = 0 . 4 5 ) .  To facilitate the alignment of the spectrometers the 
degrees of freedom were carefully chosen as shown in Fig. 13, enabling the line spectra to 
be focused and aligned on the arrays. To provide optimum light coupling from the optical 
fibers into the spectrometers, the fibers are mounted in the sphere arrangement shown in 
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Fig. 5. AVIRIS Spectrometer Spot Diagram 

Fig. 14. Rotation of the sphere allows the light from the central fiber (from the fore- 
optics) to be directed onto the collimating mirror without transverse displacement of the 
fiber. The grating mount design is shown in Fig. 15. This kinematic mount design allows 
the grating angle to be changed in two orthogonal directions to position the spectrum on 
the linear array. The grating is mounted kinematically in a cell to ensure minimal dis- 
tortion. Spherical washer sets are used to ensure that no torquing forces are experienced 
by the cell as the shims are varied to change its angle. The mirror mount design is shown 
in Fig. 16, and again kinematic mount principles were followed to minimize the mirror dis- 
tortion and provide ease of angular adjustment. The alignment of the spectrometers was 
accomplished by using higher diffracted orders of a HeNe laser at X = 632.8 nm. First 
the higher orders were simulated by computer raytrace, which generated information about 
the position and image quality (point spread functions) in the spectrometer focal plane. 
This computer generated raytrace served as a baseline for evaluation of image quality and 
location in the focal plane during the actual alignment. The only remaining alignment was 
required for the detector assembly, which included the filters and the field flatteners. 
Focusing was accomplished by axial displacement of the optical fiber mount shown in 
Fig. 14. 
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Fig. 9. AVIRIS Geometrical MTF (Continued) 
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Fig. 12. AVIRIS System Modulation Transfer Function 
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4. CONCLUSIONS 

Tests of the fabricated spectrometers show that their image quality is sufficient to 
meet the required design goal of an MTF >0.5 at a spatial frequency of 2.0 c/mm for the 
spectrometer systems. Since completion of the system integration and radiometric calibra- 
tion, AVIRIS has completed several test flights. The spectral images of the select.ed test 
sites, given in the accompanying papers in this session, are the best indication of the 
system performance under actual operating conditions. 
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Fig. 16. AVIRIS Mirror Mount (Kinematic) 
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